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With the advent of multisersor micromanometrie/veloci-
metric catheterization, digital angiography and Doppler
and color echocardiography, extensive fluid dynamic quan-
fitation is now possible in cardiology . Such high fidelity
instantaneous measurements offer the clinician the prospect
of identifying phasic changes in ventricular ejection dynam-
ics that may disclose contraction abnormalities before overt
muscle or pump failure is manifested . Accordingly, this
review provides a basis for interpreting these measure-
ments and a conceptual framework for understanding
ventricular ejection dynamics with and without outflow
obstruction .
Necessary terminology and fluid dynamic background,
including properties of flows generated by large transient
forces, Eider and unsteady Bernoulli equations and local
and convective acceleration gradients, are reviewed first .
Physiologic aspects of ejection dynamics and transvalvular
and intraventricular gradients without obstruction are dis-
cussed. Maximal outflow acceleration, rather than ejection
velocity, coincides with the attainment of the early peak of
the nonobstructive pressure gradients. These gradients are
characteristically even more asymmetric than are the asso-
ciated ejection velocity signals . Clinical correlations are
introduced, beginning with obstructive transvalvular and
subvalvular gradients in aortic stenosis and the phenome-
non of recovery of pressure loss in the poststenotic dilation .
The large obstructive gradients tend to be distinctively
symmetric, as are the ejection waveforms, whose configura-
tion they track more or less closely, depending on the degree
But how will you look for something when you don't in the
least know what it is? How on earth are you going to set up
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of stenosis and relative preponderance of convective effects
throughout ejection . Pitfalls in some unwarranted applica-
tions of the "simplified, Bernoulli equation" are pointed out .
Polymorphic gradients of hypertrophic cardiomyopa .
thy, reflecting dynamically dissimilar intraventricular flow
regimes in early, [mid and late systole, are examined .
Enormous late systolic gradients can be associated with
progressive shrinkage of flow passage area and sharp
increases in linear velocity while volumetric outflow is
diminutive. The concept of ventricuioannular dispropor-
tion in dilated ventricles is defined and discussed . The
implications of ejection fluid dynamics for systolic ventric-
ular and myocardial loading are examined, and the concept
of complementarity and competitiveness between intrinsic
and extrinsic load components is introduced . Finally, crit-
ical research issues are identified and addressed .
The primary emphasis is on using the basic principles of
fluid dynamics to better understand ejection in the normal
or abnormal human left vertricle and aortic root . To this
end, results mainly from clinical multisensor micromano-
metric/velocimetric catheterization studies-but also from
pertinent animal experiments and noninvasive echocardio-
graphic and Doppler investigations-have been used as
resources. It is the rapidly increasing convergence of high
fidelity invasive and noninvasive measurements with ad-
vances in the hemodynamics of unsteady intracardiac blood
flow that makes ejection research an exciting topic with
promise of continuing significant clinical contributions.
(J Am Colt Cardiol 1990;15 .,859-82)
something you don't know as the object of your search? To
put it another way, how will you know that what you have
found is the thing you didn't know?
Memo to Socrates in Plato's Dialogues,
ca 380 BC
Ventricular ejection ;
s a highly unsteady flow process in a
chamber with complex geometry whose walls are com-
pressed forcibly together by myocardial contractions
. The
process involves negative feedback from hemodynamic
loads opposing ventricular and myocardial shortening
. Ad-
mittedly, the complexity of the fluid dynamic and control
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problems encompassed by ejection creates serious analytic
and computational difficulties . Why then is a review devel-
oping theoretic concepts and surveying recent advances in
this challenging area appropriate to a clinical audience?
The reason is related to the advent of high technology
instrumentation modalities such as multisensor catheteriza-
tion, digital angiography and Doppler and color echocardiog-
raphy
. The clinician is now confronted in daily practice with
the need to understand and interpret rapidly varying intra-
cardiac flows and their interactions with normal or abnormal
valves and ventricular geometry . This need has been accen-
tuated with the widespread use of interventional procedures
in conjunction with which immediate assessment of ventric-
ular hemodynamics is called for in the catheterization labo-
ratory .
Indeed, the increasingly accurate, refined and exhaustive
diagnostic measurements available to the clinician today
incorporate intricate details of unsteady hemodynamic phe-
nomena. Proper interpretation of the measurements rests on
an understanding of such phenomena . Because the measure-
ments often entail expensive, tedious and sometimes hazard-
ous diagnostic procedures, it is important to glean every
useful insight from them. A case in point : the stationary flow
model of the Gorlin formula and the theoretic understanding
it calls for were well matched to the technology of the mid
1950s and the subsequent two or three decades (fluid-filled
catheter-transducer systems, Fick or thermodilution cardiac
output). They are grossly outmatched by the information
content of the sophisticated diagnostic instrumentation of
this decade, including the multisensor micromanometric/
velocimetric catheter and Doppler ultrasonography for ex-
ample. Today's high fidelity instantaneous measurements of
rapidly varying pressures and flows offer the clinician the
opportunity to assess ventricular function in a quantitative
dynamic fashion, such that subtle abnormalities in contrac-
tion may be identified or elicited before the usual clinical
manifestations of overt muscle or pump failure . A more
complete theoretic understanding is now necessary to fulfill
the promise of this new era of advanced diagnostic capabil-
ities . Exciting discoveries await the clinical investigator who
can combine the new technology with a better grasp of the
unsteady hemodynamics of ventricular ejection .
The present survey is aimed at providing a conceptual
framework for understanding ventricular ejection dynamics
with and without outflow obstruction . The subject is too vast
for a comprehensive review . The references cited will cer-
tainly not be exhaustive and will probably contain some
involuntary omissions for which I apologize .
Terminology
Pressure drop and gradient. These terms are used inter-
changeably in this review and by convention in cardiology .
Although gradient refers to the rate of change of pressure
with distance, both germs emphasize that, so far as flow is
concerned, it is the differences in pressure that matter, not
the pressure itself .
Unsteady flow . This is a flow whose properties depend on
time as a result of changes in the driving pressure gradient or
dynamic changes of the shape of the containing walls .
Clearly, all intracardiac and aortic root flows are highly
unsteady .
Impulsive flows. These are motions set up by the appli-
cation of an impulse by the containing walls . Impulse is the
application of concentrated or distributed forces of large
magnitude (F) for very short periods of time (r) . The impulse
(I) represents the total momentum imparted :
I = rFd1® inv,
n
as when a solid mass m is given a hammer blow that sets it
moving with a velocity v . Expressed in words, this means
that to impart the greatest momentum to a mass, we must
apply the greatest force possible and extend the time of its
action as much as possible . However, even if the time of its
action is short, a very large transient force can generate a
large change in momentum . Ventricular ejection is a prime
example of impulsive flow for which the inertial properties of
blood, which relate to its mass, are pertinent while its
viscous properties are quite irrelevant . In contrast, in the
familiar steady Poiseuille flow, the viscous actions are per-
tinent and inertial effects are totally irrelevant .
Boundary layer . This is a layer near a wall surface in
which cross-stream velocity gradients and vorticity (see
below) exist. Boundary layers form because there _:an be no
slippage between two adjacent fluid lav'rs . Thus, there is a
smooth variation in velocity from the boindary to the central
core or mainstream, which can be moving at a relatively high
speed past the wall surface . Outside the boundary layer, the
flow moves with a blunt velocity profile and can be consid-
ered as essentially frictionless or in s •,;id because frictional
forces require cross-stream velocity gradients to come : ;nto
action. Intraventricular and central aortic ejection flows
actually have thin boundary layers (sv :rimes called shear
layers) and blunt, tnadeveloped velocity profiles . In contrast,
the familiar, fully developed, parabolic Poiseuille profile
implies that viscous effects have spread from the wall across
the entire flow, and the boundary layer thickness is, thus,
equal tc the vessel radius .
Vortex or eddy . This is the rotating motion of a multitude
of fluid particles around a comm ,-n center. The paths of the
individual particles do not have to be circular, but may also
be asymmetric . Leonardo da Vinci described vortex motions
in the sinuses of Valsalva in his Quaderni d' Anatomica in
1513. Large scale (of a size comparable with the aortic
radius) vortices dissipate little energy by viscous effects .
However, the interactions of these vortices with each other
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Figure 1 . Left ventricular (LV) fluid dynamics in humans, obtained
with a double pressure/velocity microsensor catheter . Deep (LVPd)
and subaortic (L VPsa) left ventricular pressures are displayed at the
bottom, with their instantaneous difference on an enlarged scale .
The associated left ventricular outflow acceleration (dQ/dt) is shown
in the middle and the volumetric outflow signal (Q), from the aortic
ring, at the top. (Reproduced from Pasipoularides et al . [4], with
permission from the American Heart Association
.)
generate intermediate and small scale eddies that are
strongly dissipative . Thus, there is a cascade of energy from
large through intermediate to small eddies, where kinetic
energy is dissipated as heat .
Vorticity . This is the angular velocity of matter at a point
in a flow field .* A vorticity field does not have to represent
a vortex . For instance, in a parallel shear flow, fluid particles
do not slip along the wall but roll, owing to their adherence,
like balls and cylinders in a bearing .
Streamlines . These are lines tangential to the velocity
vectors at a certain time in a flow field . They are conceived
as outlines of fluid layers, or laminae, in motion . When
drawn in distances of equal volumetric flux, the resulting
picture gives information about regions of high and low
velocities. Closely spaced streamlines indicate relatively
high linear velocities, and vice versa .
Fluid Dynamic Considerations
Impulsive flows . Figure 1 demonstrates the impulsive
mode of generation of intraventricular pressure gradients
and flows in humans even under basal rest conditions at
cardiac catheterization . Although transient, a forceful pres-
* The physiologist Hermann "n Helmholtz in 1858 derived the famous
vorticity theorems for the vorticity field of an inviscid fluid, coined the term
"vortex motions" and remarkably extended the knowledge of the nature of
the fluid motion .
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sure gradient can generate a high ejection velocity because it
delivers a strong impulse to intraventricular blood
. Methods
for recording inn acardiac hemodynantic events using solid
state multisensor (micromanometeic/velociretric) catheters
have been previously reported (1-4)
. Here, it is emphasized
that simultaneous pressure signals presented in this survey
were generally obtained using a left heart catheter with two
laterally mounted, solid state micromanometers (Mikro-Tip,
Millar Instruments) . The spacing between the two pressure
sensors along the mildly curved catheter is 5 cm
; thus, all
measured gradients represent pressure drops across a dis-
tance of approximately 5 cm, along the outflow tract axis .
When present, as in Figure 1, the intravascular electromag-
netic velocity probe was mounted at the same location as the
proximal (downstream) micromanometer .
T he impulsive and transient nature of the flow implies
that viscous frictional effects are negligible in the ejection
field, being confined to very thin, unsteady and undeveloped
boundary layers (3,5) . In effect, the endocardial surfaces are
covered by thin vortex sheets across which the tangential
velociti., changes from zero to its instantaneous main core
value. Laminae of flowing blood within the boundary layer
undergo intense shear because viscous tangential stresses
can be sufficient to yield the necessary retardation to zero at
the wall only if the gradient of velocity is very steep (Fig . 2A)
due to the low viscosity of blood, The main core is irrota-
tional, "slipping" bodily by the walls as a result of the roller
action of the vortex sheets in the thin boundary layer .
Therefore, the dynamics of the main flow can be analyzed
using the nonviscous or ideal fluid approximation .
Unsteady Bernoulli equation . The dynamics of the main
core flow during ejection are governed by the Euler momen-
tum equation for the balance between the driving pressure
force and the inertial forces associated with acceleration of
blood (3,4,6) . Euler's equation is basic to an understanding
of unsteady hemodynamics, including ventricular ejection . It
embodies Newton's second law of motion, which is applica-
ble to both solids and fluids, representing an equality be-
tween the net force acting on a body and the product of its
mass by the resulting acceleration .
Ejection velocity is a function of both time and position
along a streamline . Thus, the total differential increment of
the velocity (v) is the sum of its derivative with respect to
time (t) multiplied by the differential increment of time, plus
the derivative with respect to distance (s) multiplied by the
differential increment of distance along the streamline
:
dv(t, s) = -~V- dt + ~-V ds
St 8S
Dividing both sides of this equation by the differential
increment of time, we obtain the total acceleration of any
blood particle during ejection as the sum of its pulsatile local
862
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Velocity decreases
Pressure Increases
£rpressed in words, this means that the total accelera-
tion experienced by an intraventricular blood particle is du'
to two effects : 1) the pulsatile acceleration applying locally at
any point in the ejection field, and 2) °. Lie combined effect of
the spatial gradient of velocity in the ejecting chamber and
the motion of the particle that carries it successively through
regions of differing velocities . This latter effect gives rise to
the convective acceleration component (compare with heat
convection where heat transfer is due to the motion of the
fluid) . When spatial gradients in velocity exist (Fig . 3). the
local acceleration Sv/St recorded by a stationary probe is in
no sense a measure of the
total acceleration dvldt that a
flowing blood particle experiences while moving past the
probe .
Setting aside small hydrostatic effects, intraventricular
ejection pressure (p) gradients must overcome only blood's
inertia to its total acceleration, as shown in the hydrody-
namic Euler equation :
Viscous
effects
are
important
because
ooy
is very
intense
e
Figure 2. Hydrodynamic boundary layer and flow
separation . A, Across the thickness (S) of the
laminar boundary layer, the streamwise velocity
(v)
decreases from its mainstream value to zero
relative to the wall to satisfy the "no slip" condi-
tion . Note how different the blunt core profile is
from the parabolic profile of viscous Poiseuillc
flow . Svl8y = cross-stream velocity gradient . 8, A
decrease in linear velocity along the flow is asso-
ciated with an increase in pressure . The resulting
adverse pressure gradient can arrest and even
reverse the flow within the boundary layer,
whereas its high streamwise momentum enables
forward flow to persist in the quasi-inviscid main
core .
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where p is blood's density or mass per unit volume, and the
pressure gradient is force applied by the contracting myo-
cardium per unit volume of accelerated blood . This is simply
Newton's second law with both the net force and the
accelerated mass normalized per unit volume of flowing
medium. Note that the total acceleration, not local acceler-
ation, is used. This is so because the rate of change envi-
sioned in Newton's second law refers to a specific body of
matter, or accelerated blood particle, moving through re-
gions where velocity changes. The mass density p is a
measure of the blood particle's inertial resistance to being
accelerated. The pressure gradient in the s direction is the
ratio of the change in pressure (Sp) to a corresponding
change in length (Ss) . The minus sign for the pressure
gradient means that the blood particle has a positive accel-
eration when it moves from a region of higher to lower
pressure, and vice versa .
acceleration
ing ejection:
and its convective
Tt
(t, s)
Total
St
Local
acceleration (Figure 3) dur-
+
	
`' Ss
Convective
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Ss
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unit volume
P
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unit volume acceleration
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Figure 3. Convective change in streamwise velocity in a tapering
flow field . A fluid particle accelerates as it moves successively
through axial positions of narrower cross-section and higher veloc-
ity [v(s)] . This convective acceleration depends on the velocity
gradient OviOs and on the velocity r, which determines how quickly
the fluid moves through the spatial variations . (Reproduced from
Bird et al . [34], with permission from the American Heart Associa-
tion .)
Integration of Equation 3 alo,, ,zg the outflow axis Of the
chamber yields the following alternate fimms of the unsteady
Bernoulli equation (3,4,6) :
3 V,.
	
P
AP(s . 1) a . p . - +
2 -
.
V
St
Pal
,
AP(s,4 A -
SQ31
+ B
.
Q
2
r (4 b]
Total Local Convective
instantaneous = acceleration + acceleration
pressure drop component component .
Here, the subscript r signifies a reference position (for
example, the aortic ring) for measurement of velocity v, or
flow rate
Qr
and their derivatives ; a and # are geometric
coefficients, whereas A and B depend both on instantaneous
geometry and the density of blood .
Impulse gradients and Bernoulli gradients . With the onset
of forward blood acceleration by the action of myocardial
contraction, a velocity field [v(s)] is impulsively set up along
the outflow axis s . In reference to the equation for impulsive
motions in the Terminology section, the accelerating force
per unit blood volume is given by the pressure gradient
(8016s) ; the axial momentum imparted to each axial blood
element is pv. Accordingly, the impulse equation for the
momentum imparted over the initial short interval (r) of
ejection becomes :
PV
sp
dt
This result coincides effectively with that given by the Euler
Equation 3, integrated from t = 0 to t = T in early ejection .
Again, the minus sign means that a positive velocity is
developed when pressure decreases in the direction of
motion. The early accelerating gradient (-Spl&) is predom-
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inantly expended in overcoming blood's inertia
to local
acceleration (3v/5r) because the low levels of v and 5v/as
render the convective acceleration v(Sv/50 negligibly small .
The early intraventricular and transvalvular gradients can,
therefore, be denoted as "impulse gradients ." The preced-
ing fluid dynamic conclusion is in harmony with Rushmer's
insightful reference in 1964 (7) to thc cardiac ventricles as
"impulse generators ."
At the time of peak ejection velocity, the intraventricular
gradient (-&p/Ss) is overcoming blood's inertia only to
convective acceleration effects because &v/St is zero (3,4) . In
the context of ventricular contraction, we recognize two
contributions to
v(Svl&) :
1) the predominant effect associ-
ated with the geometric constriction of the outflow tract (Fig .
3), and 2) the usually subordinate effect of wall collapse,
which by displacing a sequentially increasing blood volume
from apex to aortic ring, necessitates an increase in v along
the outflow axis independently of any coexisting geometric
taper. The intraventricular pressure drops associateO, solely
(at peak ejection) with convective acceleration effects are
proportional to the square of the applying flow rate or
velocity, as expected from the familiar Bernoulli equation
for steady flow. We, therefore, denote these pressure drops
and the corresponding gradients as "Bernoulli components"
(4) .
Between these two extremes correspondiur ic. the initial
stage and peak of
ejection flow pulse, as well as tt ring
its downstroke, the unsteady Bernoulli equation (Equaiio!--
4a or b) describes the distribution of the intraventricular
pressure drop in its two components . This elegant result,
additively combining the expressions for local and convec-
tive components, is o, the greatest value in understanding
and quantifying ventricular ejection and systolic function
with and without outflow obstruction . We will refer to it
repeatedly throughout this survey .
Physiologic Correlations
The paradigm of the systolic transvalvular gradient of
aortic valve stenosis has led observers in the catheterization
laboratory to invoke obstruction as the mechanism underly-
ing prominent ejection gradients in
general . Thus, a promi-
nent systolic gradient in wide aortic valvular insufficiency is
taken as evidence for coexisting organic orifice stenosis
; in
hypertrophic cardiomyopathy, such as gradient is accounted
for on the basis of a "dynamic" obstruction to orthograde
flow, and so on. Nonetheless, the fluid dynamic principles
already discussed show that ejection should be associated
with considerable gradients and transvalvular and intraven-
tricular pressure differences, even in the absence of obstruc-
tion . At times, multisensor catheter gradients measured by
micromanometers 5 cm apart in normal subjects may tran-
siently exceed 25 mm Hg (or 5 mm Hg/cm) during exercise
.
As we shall see, however, there are not only quantitative but
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also qualitative differences between obstructive and nonob-
structive ejection gradients .
Transvalvular pressure gradients without obstruction
.
Significant unsteady transvalvular pressure gradients were
recorded in the pioneering experiments in normal dogs
conducted by Spencer and Greiss (8) in 1962 and Noble (9) in
1968. The latter correctly interpreted higher measured pres-
sures in the aortic root than in the ventricle at the latter part
of systole as indicating that continued forward motion of
blood was due to the momentum imparted to it in early
systole. This reaffirmed Rushmer's earlier formulation (10),
which employed accumulated kinetic energy rather than
momentum to similarly account for persisting forward pro-
pulsion of blood against an adverse transvalvular gradient .
These animal studies were followed in the 1970s by measure-
ments, made possible by the advent of solid-state multisen-
sor catheters, of transvalvular ejection gradients in normal
humans at rest as well as during exercise and isoproterenol
infusion (11,12) .
All early investigations were influenced directly or indi-
rectly by Rushmer's view of the impulsive nature of ventric-
ular ejection . His suggestion that the initial ventricular
impulse may be a key to assessment of myocardial perform-
ance (7,10) underlies several widely used indexes . In partic-
ular, peak ventricular dQldt and aortic root flow acceleration
(dQldt) are taken to reflect myocardial forces generated
during the initial stages of systole and ejection (13-17) .
Rushmer's far-reaching influence in this, as well as in so
many other areas of cardiovascular dynamics, merits special
recognition. Perhaps the impulse or local acceleration com-
ponents of ejection gradients should be called "Rushmer
gradients."
As discussed elsewhere (4), convective acceleration ef-
fects were not encompassed by the early investigations of
transvalvular ejection gradients . Thus, transvalvular gradi-
ents at the time of peak flow, when local acceleration is zero,
were misunderstood and accounted for incorrectly .
Figure 4 shows simultaneous left ventricular and aortic
root pressures recorded using a multisensor catheter in a
normal subject during cardiac catheterization for evaluation
of atypical chest pain . Note the small, early systolic trans-
valvular gradient, which persists until mid-systole and is
then succeeded by an adverse (decelerating) late systolic
gradient. During submaximal supine exercise (2 to 3 meta-
bolic equivalents [METs]), the early systolic gradient is
greatly augmented from the level at rest . This is required by
the increased ejection velocities and accelerations of exer-
cise because large forces can impart high velocities even
when they act during relatively brief intervals . An aug-
mented physiologic transvalvular ejection gradient is gener-
ally associated with positive inotropic states, as is an intra-
ventricular ejection gradient to which we must now turn our
attention. Inability to augment the ejection gradient with
positive inotropic interventions might be an early sign of
Io,
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Figure 4 . Representative normal human left ventricular (LEI) and
aortic root (AO) micromanometric pressure signals at rest and
during exercise obtained during elective catheterization, ECG =
electrocardiogram. (Reproduced from Mirsky and Pasipoularides
126], with permission from W .B. Saunders .)
contraction abnormalities, elicited well in advance of overt
muscle or pump failure .
Intraventricular gradients without obstruction . Under-
standing the nature of intraventricular blood flow and pres-
sure distribution pattern ; and their correlation with clinical
data and myocardial abnormalities should lead to improved
insights into systolic loading (18,19) in health and disease
and to the development of new diagnostic modalities and
contractility indexes . In particular, the temporal character-
istics of a nonobstructive ejection gradient may have signif-
icant diagnostic value in assessing the performance capabil-
ity of the ventricle. Dynamic intraventricular regional
pressure differences were, to my knowledge, first looked for
and recorded in canine preparations by Laszt and Miiller (20)
nearly 40 years ago . Until recently, however, relatively
scant attention had been paid to the chamber fluid dynamic
aspects of left ventricular systolic function (3,4,6,21-25),
presumably because of analytic and measurement diffi-
culties.
Even without any anatomic impediment to outflow and
with normal ventricular function, careful probing of the
unsteady intraventricular flow field using multisensor cathe-
ters in patients undergoing elective cardiac catheterization
has revealed a pressure gradient of considerable magnitude
at rest, which increases further with exercise (Fig . 5). This
flow-associated gradient is superimposed on a simple hydro-
static pressure difference usually not exceeding I to 2 mm
Hg in the supine subject . That latter needs no special fluid
dynamic consideration, but must be suppressed in the re-
cordings by matching the micromanometric signals during
extended no flow periods associated with a long postectopic
beat compensatory pause both at rest and during exercise
(Fig. 6). When recorded in this fashion, the measured
ejection pressure gradients embody only local and convec-
tive acceleration components (4,6) .
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Figure 5 . The explosive development
of the peak nonobstructive intraven-
tricular gradient and its great accentu-
ation (from 7 .5 mm Hg at rest to 16 mm
Hg during exercise). L,VP = left ven-
tricular pressure . (Reproduced from
Pasipoularides et al . 141, with permis-
sion from the American Heart Associ-
ation .)
Figure 7 shows representative
hutuan innwivni0whir
pressure flow dynamics at rest, obtained during diagnostic
catheterization ; the deep and subaortic left ventricular pres-
sures and, on a blown-up scale, their instantaneous differ-
ence are displayed . Note the impulsively generated intraven-
tricular pressure difference, which attains its peak well in
advance of the flow waveform . This lead in pressure over
flow implies, as we saw earlier, that the early gradient is
predominantly expended in overcoming blood's inertia to
local acceleration (dQldt) . The latter is displayed along with
the pressure-flow variables in Figure I, which demonstrates
that in the absence of outflow obstruction, it is the peak of
dQldt rather than of Q that coincides with the attainment of
the peak pressure gradient. In the example of Figure I . the
peak local acceleration corresponds to a little over 2 g .
During submaximal exercise, peak accelerations twice as
high can be observed in normal subjects at catheterization
(4) and, as implied by the sharp upstroke of the dQ/dt signal
Figure 6 . Oscillographic recording
during supine bicycle exercise of a post-
ectopic compensatory pause demon-
strating the matching of the microma-
nometers to eliminate hydrostatic
gradients and amplifier equisensitivity .
ECG = electrocardiogram; LV = left
ventricular ; LVP = left ventricular
pressure .
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in Figure 1, these intense accelerations are generated at rates
of the order of WO to 200 g/s . How can these magnitudes be
understood? Consider that in the human centrifuge, it is rare
for the acceleration to be applied at more than one tenth of
these rates, and that most subjects experience blackout at 4
to 5 g .
In a recently published fluid dynamic study (4) of six
patients with no valve abnormalities and normal ventricular
finiction, we found that the early peak intraventricular
gradient is substantially accounted for by local acceleration
effects (85% ± 5% of the total) . In view of the preceding
considerations, reference to the nonobstructive early ejec-
tion gradient as an "impulse or Rushmer gradient" seems
justified . The mean standard deviation) peak early gradi-
ent amounted to 6 .7 1 .9 mm Hg at rest and 13 .0 ± 2 .3 mm
Hg during low intensity supine bicycle exercise . With the
sharp increase in outflow velocity as ejection unfolds, the
balance tilts rapidly in favor of the convective or Bernoulli
t sec
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I
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Figure 7 . Intraventricular pressure/flow dynamics at rest in ab-
sence of outflow obstruction . Note the characteristic asymmetry in
the left ventricular (LV) ejection pressure gradient and flow wave-
forms. ECG = electrocardiogram
; LVP = left ventricular pressure .
component. At peak flow, the latter accounts for 100% of the
measured intraventricular gradient (5.4 ± 1 .7 mm Hg at rest
and 10 .0 ± 1 .8 mm Hg during submaximal exercise) since
dQ/dt is zero .
In all of the preceding intraventricular pressure differ-
ence recordings, note th, sharp spike (12 to 15 mm Hg in
Figure 6, where it is most prominent) that is associated with
the vibration of the cardiohemic system as aortic valve
closure is taking place and is not an artifact (4,26) . In fact,
this transient deflection corresponds to the main component
of the second heart sound (26,27) .
Wide array of conditions commonly associated with an
augmented nonobstructive ejection pressure gradient . Math-
ematic modeling (15,25,28-31) of the fluid dynamics of the
ejecting chamber suggests that the instantaneous gradients
are increased with the square of the applying rate of con-
traction of the radius (dR/dt)2-Bernoulli component-and
with the product (R.d2R/dt2)-Rushmer component, Both
components are accentuated, the Bernoulli component more
so, with a lower ratio of aortic ring cross-section to inner
wall surface areas. For given chamber and outflow orifice
areas and ejection velocity, the intraventricular gradients
increase with higher chamber eccentricity (29) . Left ventric-
ular eccentricity has been shown to increase linearly with
diminishing chamber volume by Olsen et al . (32) (Fig. 8) .
Hemodynamic measurements in animals and humans at
catheterization reveal intensified intraventricular nonob-
structive ejection gradients during exercise (4,6,29,30), dur-
ing the positive inotropic states induced by isoproterenol,
norepinephrine and stellate ganglion stimulation (22,24,33)
and after long diastolic intervals if ejection acceleration and
velocity are enhanced . Conversely, they are depressed dur-
iag negative inotropic states (24), during premature ventric-
LEFT VENTRICULAR VOLUME (mI)•
Figure 8. Comparison of midwall chamber eccentricity and left
ventricular intracavitary volume from a representative canine ultra-
sononlwtric study . Note that endocardial eccentricity is higher than
midwall eccentricity . By definition, an eccentricity of 0 .65 indicates
a more spheric and 0 .85 a more elliptic ventricle . See reference 32
for further details . Closed circles = diastasis; open circles =
ejection . (Provided courtesy of Dr . J .S. Rankin .)
ular contractions, acute coronary occlusion and so on . After
successful percutaneous coronary transluminal angioplasty,
I have noted (Brooke Army Medical Center, unpublished
observations) that ejection gradients are frequently in-
creased markedly. This may reflect recovery of "stunned
myocardium" (M.E . Josephson, personal communication) .
Thus, the nonobstructive ejection pressure gradient, a sign
of changing ventricular impulse, may have significant diag-
nostic value in assessing the performance capability of tae
ventricle .
Clinical Cotrrelations
Myocardial contraction generates intense active wall
stresses that augment cavity pressures to ejection levels .
Contrary to the widely held view, however, "ventricular
pressure" is not distributed uniformly . Throughout ejection,
there are marked pressure variations with position within the
chamber. They are associated with the inertial resistance of
intraventricular blood to local and convective acceleration .
In the preceding sections, we saw how local and convective
acceleration components underlie physiologic Rushmer and
Bernoulli ejection pressure gradients, recorded in animal
experiments and humans using multisensor catheters .
Hydrodynamic ejection pressure gradients can be greatly
accentuated in conjunction with many clinical abnormali-
ties. Moreover, there is a qualitative difference between
Rushmer and Bernoulli gradients, just as there is a funda-
mental dissimilarity between accelerating a fluid by means of
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Figure 9. high fidelity hemodynamic
tracings in aortic stenosis . From top
downward: electrocardiogram (ECG) ;
aortic (AO) root flow velocity and pho-
nocardiogram (AO Phono) ; left ven-
tricular (LV) and aortic root pressures
with their instantaneous point by point
difference or "gradient ."
a piston in a uniform tube and accelerating it by means of a
constriction . Accordingly, proper interpretation of systolic
gradients requires much more information than simply their
magnitude . Because a considerable array of high fidelity
clinical measurements are now available (multisensor heart
catheters, Doppler echocardiography, color blood flow im-
aging and so on), better evaluation of ventricular systolic
function and improved diagnostic insights are now within
reach of the clinical hemodynamicist .
Transvalvular Gradients in Aortic Stenosis
As aortic valvular stenosis develops, the maintenance of
adequate levels of left ventricular output requires progres-
sive obligatory increases in linear velocity through the
narrowed valve . Peak linear velocities in excess of 5 m/s
(versus I m/s normal) can be attained in the vicinity of the
stenosed orifice and beyond in the jet of turbulent flow at the
aortic root . Because representative velocities in the deep
chamber are of the order of 0 .1 m/s, it follows that strong
intensification of convective acceleration effects compared
with normal takes place in the subvaivular region (3,34,35) .
This is associated with greatly accentuated driving pressure
gradients, as is indicated by the unsteady Bernoulli equation
(Equation 4a).
Simultaneous left ventricular and aortic pressure curves
in Figure 9 illustrate the high driving pressure that must be
generated by the left ventricle in aortic stenosis, as well as
the greatly increased transvalvular pressure gradient . This
large gradient is in fact associated with a relatively low peak
volumetric outflow rate recorded simultaneously at the aor-
tic root . The obstructive gradient tends to be quite symmet-
ric and "rounded" and closely tracks the ejection waveform,
as does the characteristic crescendo-decrescendo high fre-
quency murmur. It is the greatly augmented contribution of
the convective acceleration or Bernoulli component to the
systolic pressure gradient in aortic stenosis (3,4,36) that
causes it to be more in phase with the ejection velocity than
is seen normally . As stated previously (3), this is equally as
important a hemodynamic hallmark of severe aortic stenosis
as the augmentation of the magnitude of the driving pressure
gradient . Moreover, it is only finder conditions such that the
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Bernoulli component far outweighs the local acceleration or
Rushmer component that the time course of the ejection
pressure gradient can be obtained directly from noninvasive
measurements of Doppler outflow velocities . This point,
elegantly embodied in the Euler and unsteady Bernoulli
equations (Equations 3 and 4a or 4b), is sometimes over-
looked . This has led to some erroneous estimates of the time
course of the ejection pressure gradient using the "simplified
Bernoulli equation" (AP mm Hg = 4v
2 ,
where v is in m/s) .
This formula allows only for convective acceleration effects
and is not applicable in situations where the local accelera-
tion or Rushmer gradient prevails .
The sharp increase in convective acceleration effects
renders local acceleration effects negligible in severe or
moderate aortic stenosis and substantially alters left ventric-
ular loading and ejection dynamics. Thus, a recent comput-
er-aided analysis of aortic root flow and transvalvular gradi-
ents measured by multisensor catheters in patients with
aortic stenosis (Stoughton, Laskey and Pasipoularides, un-
published data) found the systolic time intervals of flow and
pressure to deviate markedly from previously reported inva-
sively determined normal ranges (4,11) both at rest and
during exercise . Ejection flow time was greatly prolonged
both at rest and during exercise, compensating for depressed
volumetric peak acceleration and outflow rates . The time to
peak transvalvular gradient was extended, and the gradient
remained positive through nearly all of the ejection flow time
(see also Fig . 9) . The peak transvalvular gradient tended to
occur just after peak ejection ; at this time, the convective
acceleration effects are at or near maximal levels (3) while
the intensity of turbulence in the aortic root beyond the
stcaosed orifice attains its peak (5,37,38) . Turbulent dissipa-
tive (frictional) mechanisms in the aortic root are responsible
(3,39,40) for a variable and only incomplete recovery of
lateral pressure ; as the jet that issues from the stenosed
orifice reexpands, ;?,t velocities decrease and flow reattach-
ment to the aortic walls ensues .
Downstream from the stenotic orifice, turbulent shear
regimes are induced locallyU-
the Jet
confined within the
large poststenotic trunk,
and recognizable ejection velocity
waveforms frequently cannot be recorded by a catheter-
mounted electromagnetic velocity probe in the ascending
200--mg
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F1 ure 10. Multisensor catheter pullback demonstrating pressure
loss recovery in the ascending aorta in aortic valvular stenosis . From
top downward: electrocardiogram; linear velocity in deep chamber
(panel A), subvalvular region (panel 1s), vena contracta (panel C) and
dilated ascending aorta (panel D) ; distal and proximal micromanomet-
ric signals (prepared in cooperation with Dr . W.K. Laskey) .
aorta (34). Here the sensor may be forced into the outer edge
of the turbulent jet region, where the axial velocity cannot be
expected to be large compared with radial components, and
turbulent fluctuations are not small compared with the
pulsatile velocity values of the ejection waveform . Thus,
turbulent fluctuations may locally overpower the influence of
the axial velocity on the microsensor, and its output may no
longer be indicative of an average ejection waveform . Fur-
thermore, interaction of the bounded jet distal to the stenotic
valve orifice with an adverse pressure gradient associated
with the abrupt increase in effective flow cross-section can
induce a reverse flow (compare with Fig . 2B) and a violently
unstable swirling or recirculating motion . Such a swirling
motion in the annular space between the outer edge of the
usually eccentrically pointed expanding jet and the aortic
walls, and the attendant vortex shedding, can frequently
confound the axial velocity probe output beyond the
stenosed valve. The methods of digital filtering and ensemble
averaging (38) offer means to relieve part of the problem, the
latter by improving the signal to noise ratio in proportion to
the square root of the number of ejection waveforms aver-
aged
. By averaging many beats, the random perturbations
that are as likely to add as to subtract from the true
underlying signal cancel out (compare with the signal-
average ele trocardiogram) .
Pressure joss recovery in aortic stenosis . Using solid-state
multisensor catheters for simultaneous measurements of
transvalvular pressure and aortic root electromagnetic flow
velocity signals, along with continuous wave and pulsed
Doppler velocimetry, my colleagues and I have examined
pressure recovery in the ascending aorta of patients with
aortic stenosis
. Such fluid dynamic clinical studies are tech-
r
I
E	t	
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nically difficult, especially in regard to derivations of ade-
quate intravascular aortic velocimetric signals, for the rea-
sons already discussed .
Figure 10 offers an example of a successful catheter
pullback, demonstrating pressure loss recovery in the as-
cending aorta of an elderly patient with degenerative aortic
stenosis. A left heart catheter with two laterally mounted
solid-state micromanometers, one at the catheter tip end the
other 5 cm proximally, was used; an electromagnetic veloc-
ity probe was mounted at the level of the proximal micro-
manometer. In the first panel, both micromanometers are
deep in the chamber, and a barely discernible gradient is
associated with the small, slowly rising, deep chamber
velocity waveform . In the second panel, the downstream
micromanometer and the velocimeter are in the vicinity of
the stenosed orifice, and the measured gradient is increased
along with the velocity. Interestingly, the downstream pres-
sure exhibits a prominent mid-systolic dip coincident with
peak velocity in the third beat of the panel, where the
velocity is highest . Such a "dip" requires meticulous effort
to be demonstrated in aortic stenosis, although a large-scale
counterpart is typically present in mic-:omanometric record-
ings from the outflow tract or the aortic root in cases of
hypertrophic cardiomyopathy with large dynamic systolic
gradients (compare with Fig . 14) .
It is my view, based on fluid dynamic analytic consider-
ations and experience with micromanometric/velocimetric
human catheterization data with and without outflow ob-
struction, that such a "dip" represents an unmistakable
hallmark of intensified convective acceleration effects . In the
aortic stenosis tracing in Figure 10, note that the instanta-
neous pressure gradient is maximum at the inscription of the
mid-systolic dip, right at the time when the velocity and its
square attain their peak values ; this is exactly as required by
a flow process dominated by convective acceleration effects
according to the unsteady Bernoulli equation (Equation 4a) .
Alternatively, the dip can be viewed as a reflection of the
transformation of ventricular flow work or "pressure ener-
JACC Vol . 15, No . 4
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ECG
Figure 11. Intraventricular deep (A), subvalvular (B)
and transvalvular (C) ejection gradients in aortic steno-
sis . Mechanisms underlying the much lower amplitudes
of the subvalvular compared with those of the transval-
vular gradient are discussed in the t ext. AO = aortic too mm
root ; LV = deep left ventricle : LVOT = left ventricular
outflow tract at or immediately upstream from the aortic
orifice .
gy" into the kinetic energy of the flow through the converg-
ing field of the stenosed orifice (compare with Fig . 3) .
In the third panel of Figure 10, the proximal pressure
sensor is lodged in the aortic root and records the charac-
teristically slow-rising, highly asymmetric, aortic stenosis
pressure waveform in systole . This sensor and its companion
electromagnetic velocity probe are slightly downstream of
the obstruction, within the jet issuing from it . Highest
velocity signals are recorded along with maximal peak
instantaneous and mean transvalvular pressure gradients . It
is these maximal values of orifice velocity and pressure
drops that should be used to assess effective orifice area by
invasive and noninvasive method!: . In the last panel of
Figure 10, the downstream sensors for pressure and velocity
are in the region of turbulent flow in the poststenotic dilation
of the ascending aorta. Note that the downstream pressure
has recovered very markedly in conjunction with the de-
crease in the linear velocity and hence the kinetic energy of
the flow, as required by the Bernoulli equation (compare
with Fig . 2B). Thus, although the upstream micromanometer
still records deep left ventricular pressure levels unchanged
from those of the third and the two previous panels of Figure
10, the downstream one records much higher systolic pres-
sures. This is a new and previously unreported catheteriza-
tion finding. It is strong evidence that significant pressure
loss recovery can occur in the ascending aorta of patients
with aortic stenosis . In the case under consideration, the
peak to peak gradient is lower by about 20 mm Hg in the
fourth than in the third panel as a result of the equal increase
in the peak downstream pressure . Clearly, pressure recov-
ery must be kept in mind in the catheterization Laboratory . It
can cause substantial underestimation of the maximal values
of the peak, the mean and the peak to peak transvalvular
gradients that are correlated with stenosis severity . This is
likely to occur if the downstream micromanometer is located
well beyond the orifice in the poststenotic dilated aortic
trunk, where incomplete but significant pressure recovery is
associated with the flow deceleration as the jet reexpands .
Gradient underestimations can be avoided by pulling the
multisensor catheter back carefully and very slowly, so as
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not to miss the spot where highest gradient and velocity
values are registered .
Intraventricular Gradients in Aortic Stenosis
In the presence of outflow obstruction typified by aortic
valvular stenosis, intraventricular ejection gradients have
been shown (3,34,36) to be increased from normal commen-
surably with the conventional transvalvular gradients .
Transvalvular along with deep and subvalvular intraventric-
ular pressure gradients revealed by multisensor catheter
pullback are shown in Figure 11 . In heat A, a left heart
catheter with two micromanometers, 5 cm apart, was posi-
tioned with both sensors deep in the left ventricle ; a small
flow-associated gradient is in evidence . In beat B, the
proximal sensor was withdrawn in the subvalvular region,
while the distal remained deep in the chamber ; the large
intraventricular subvalvular gradient is striking . In beat C,
the proximal manometer was in the aortic root, while the
distal remained deep within the chamber; the transvalvular
gradient is now seen .
Visual comparison of the contours of the instantaneous
subvalvular gradients with (Fig . I/) and without (Fig . I and
5) obstruction reveals that they differ not only in magnitude,
but also in their gestalt . In other words, there is not only a
quantitative but also a qualitative difference between them .
This difference is embodied in their distinctive patterns of
evolution in the course of ejection . The nonobstructive
gradients peak in the earliest stage of ejection at about the
time of maximal outflow acceleration . They are highly
asymmetric, their downstroke being much less declivitous
than their sharp upstroke, and their asymmetry is much
more pronounced than in the familiar normal ejection flow
waveform. Thus, peak gradient values are normally attained
within 20 to 25 ms from the onset of the upstroke of the
ejection velocity, whereas peak flow takes three to four
times as long (4,11) . In contrast, obstructive inti aventricular
gradients typified by aortic valvular stenosis tend to be much
more symmetric and rounded along with the underlying
ejection flow waveform . With tight or moderate aortic valve
870
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Figure 12. A
jet issuing from an orifice contracts until a minimal
area is
attained beyond the orifice (0) at the section called the vena
contracta (C).
The jet then expands and flow reattachment to the
walls ensues (compare with Fig . 2B) . (Reproduced from Yellin and
Peskin [41], with
permission from the American Society of Mechan-
ical Engineers .)
stenosis, the intraventricular subvalvular gradient attains its
peak concurrently with the outflow velocity at the aortic
orifice within about 100 to 120 ms from the onset of outflow .
Indeed, these peaks tend to be coincident with the mid-
systolic "dip" in the downstream micromanometric pres-
sure, referred to in the previous section, when such a "dip"
is demonstrable (compare with Fig . 10). Because of the
predominance of convective acceleration effects throughout
the ejection period, obstructive subvalvular as well as trans-
valvular (see also Fig. 9) gradients are typically in phase with
pulsatife velocities . This is equally as important a hemody-
namic sign of severe aortic stenosis as the increased magni-
tude of the gradients, and may be important in the hemody-
namic evaluation of patients with tow amplitude gradients .
A remarkable feature of Figure 11 is the relatively lower
amplitudes of the recorded subvalvular (beat B) instanta-
neous gradient in comparison with those of the transvalvular
(beat C) gradient . Two mechanisms, both of great practical
importance in the catheterization laboratory, can account for
this discrepancy . First, because of formati to of a vena
contracta (40,41), the high velocity core of the jet issuing
from the stenosed orifice becomes narrower with increasing
distance from the orifice (Fig. 12). Such a narrowing of the
jet must by necessity be accompanied by a further convec-
tive acceleration and Bernoulli pressure drop downstream of
the orifice. Thus, the peak instantaneous drop can be at-
tained a few orifice diameters beyond the orifice, increasing
the transvalvular gradient beyond the values of the subval-
vular gradient (Fig . 10 and 11). Because of the dependence of
the Bernoulli gradient on the square of the ratio of down .
stream to upstream flow-section areas (3), modest degrees of
vena contracta narrowing can yield substantial pressure drop
increments. The second mechanism relates to the exquisite
sensitivity of Bernoulli gradients to the axial coordinate in
the immediate subvalvular region and is illustrated in Figure
13 .
Figi.re 13 presents the output of a computerized fluid
dynamic model of intraventricular gradients in aortic steno-
sis. It shows the contributions by convective and local
acceleration mechanisms to the total instantaneous pressure
drop across a .i cm segment comprising a 4 .5 cm cylindrical
JACC Vol . 15, No . 4
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portion and a 0.5 cm long subvalvular tapering region . Panel
A represents conditions during the upstroke of ejection
velocity at the aortic ring, just upstream of the short conical
region. The striking augmentation of the total instantaneous
pressure drop in aortic stenosis is underlain mainly by the
convective acceleration effect . In contrast, in the untapered
cylindric portion of the field, only the local acceleration
effect is operative . Panel B is representative of peak ejection
when, because dQldt is zero, only convective inertial effects
are operative and account fully for the total gradient . Panel
C exemplifies conditions during the downstroke of the ejec-
tion flow. Now, the contribution of the local acceleration to
the total drop is negative . Thus, it opposes the simultaneous
effect of the convective opponent .
In all panels of Figure 13, note the sharp dependence of
the convective drop on axial coordinate within the 0 .5 cm
long subvalvular region ; just I mm upstream of the orifice,
less than half of the full subvalvular 60 mm Hg drop at peak
flow (panel B) would be perceived by an ideal microsensor.
Such a trifling displacement of the downstream sensor can
readily account for the discrepancy in the magnitudes of the
gradients illustrated in Figure 11 . Clinically, it is important to
recognize that during most of the ejection period, a lateral
pressure measurement made just upstream of the stenosed
orifice is apt to underestimate elevated wall and cavity
pressures throughout most of the left ventricle . Similarly,
transvalvular decreases could be underestimated consider-
ably if the upstream micromanometric sensor happens to be
within the tapering subvalvular region rather than deep in the
chamber. Such potential pitfalls for micromanometric gradi-
ent and pressure determination are usually not encountered
with standard fluid-filled systems using multiple side holes .
Obviously, however, any information about subvalvular
gradients is completely lacking with the standard technique .
The Polymorphic Gradients of
Hypertrophic Cardiomyopathy
Inertial forces associated with local and convective ac-
celerations of intraventricular blood dominate the early
phase of ejection in hypertrophic cardiomyopathy . This
phase is characterized by increasing deep and outflow tract
left ventricular and aortic root pressures, while aortic root
flow velocity briskly attains and transiently remains near its
peak (Fig. 14). We can, therefore, analyze ejection dynamics
by the Euler equation and its integral, the unsteady Bernoulli
equation (Equations 3 and 4a or b, respectively) rather than
the unwieldy Navier-Stokes equations of fluid dynamics,
which encompass viscous along with pressure and inertial
effects .
As in the previously examined ejection fields, it is the
interaction of flow field geometry-outflow tract narrowing
by subaortic septal hypertrophy-with enhanced early ve-
JACC Vol . 15 . No . 4
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Figure 13. Output of computerized subvaivular flow model in aortic
ejection flow . 9p .,,, = total pressure drop ; Ap e ,,,
= convective
valvular stenosis-see discussion in text and reference 3 for the acceleration component
; ®p,,,,
= local acceleration component .
equations generating the Ap versus x relations plotted . A, during
(Reproduced from Pasipoularides et al . [3),
with permission from the
upstroke of ejection flow; B, peak ejection ; C, during downstroke of
American Physiological Society .)
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Figure 14. Left ventricular pressure-flow relation with large early
and enormous mid and late systolic dynamic gradients in hyper-
trophic cardiomyopathy. From top downward : linear aortic flow
velocity signal and aortic root, deep left ventricular (LV) and left
ventricular outflow tract (LVOT) micromanometric signals as mea-
sured by retrograde triple-tip pressure plus velocity multisensor left
heart catheter . Left atrial (LA) micromanometric signal is measured
by transseptal catheter . The huge mid and late systolic gradient
(hatched area) is developed and maintained in the face of minuscule
forward or even negative aortic flow v elocities. AO = aortic
locities and accelerations that underlies the augmentation of
the early ejection gradients. Mathematic modeling (30),
using ejection velocity and gradient patterns obtained by
multisensor catheters and angiographic measurements, sug-
gests that convective effects are accentuated preeminently ;
thus, at peak aortic root flow acceleration, they account for
over half the instantaneous intraventricular gradient, where-
as under normal conditions, they may contribute less than
one-quarter its magnitude . This confirms that intensified
Bernoulli gradients in the narrowed subaortic region may
give rise to a Venturi mechanism (42), entraining or sucking
the neutrally buoyant mitral leaflets toward the septum
.
LV OUTFLOW TRACT
Ilru
. . .
, L
AORTIC VALVE
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Whether mitral leaflet-septal contact is the cause of the
enormous mid and late systolic intraventricular gradient
remains controversial (43-45) . It is noteworthy that, as
highlighted in Figure 14„ this gradient rises to its peak levels
and maintains these levels in the face of minuscule forward
or even negative aordc root velocities recorded by the
catheter-mounted electromagnetic sensor. Such negative
aortic velocities probably represent coherent turbulent flow
structures or vortices (46) with recirculating retrograde
velocity components . They are also seen in the ascending
aorta in conjunction with the jet issuing from a stenosed
valve, aF discussed in the section on transvalvular gradients
in aortic stenosis . Because of the intense turbulence, there is
no significant pressure loss recovery in the wide flow area of
the ascending aorta ; this is easily verified by comparing the
outflow tract and aortic pressure signals in Figure 14. It
implies negligible conversion of intraventricular flow kinetic
energy into pressure ; rather, there is transfer of this energy
to turbulent eddies that dissipate mechanical energy into
heat in the eddy cascade (see discussion in Terminology)
.
The great heterogeneity of velocity contours in the ascend-
ing aorta in hypertrophic cardiomyopathy, with eddy-related
secondary positive or negative velocity peaks, has been
demonstrated in an elegant Doppler velocimetric study (46) .
This study established conclusively that reliance on ascend-
ing aortic volumetric or linear velocity signals in investiga-
tions of the mid and late systolic intraventricular flow
dynamics of hypertrophic cardiomyopathy is apt to be very
misleading .
Figure 15 demonstrates M-mode systolic flow area and
Doppler linear velocity patterns in hypertrophic cardiomy-
opathy at the left ventricular outflow tract, aortic valve and
ascending aorta . The volumetric flow through the outflow
tract is, by continuity considerations, a function of instanta-
neously applying flow area and linear velocity . As the
chamber shrinks in size and the septum and anterior mitral
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Figure 15. Diagrammatic summary of M-mode
echocardiographic (top panels) and Doppler ve-
locimetric (bottom panels) flow passage area
versus
velocity relations at different levels in
the left ventricle (LV) and aorta in hypertrophic
cardiomyopathy. Timing marks in each panel
define the systolic ejection period . (Reproduced
from Yock et al . [46], with permission
.)
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leaflet converge, the outflow tract area narrows markedly
during ejection while the velocity increases at a comparable
pace. Despite the sharply increasing outflow tract velocity,
the volumetric outflow diminishes in mid and late systole
(46) . This is clearly suggested by Figure 15, in which both
velocity and area of the aortic valve are decreasing and by
the marked reduction in ascending aortic velocity . These
diagrams demonstrate the impracticability of analyzing the
intraventricular fluid dynamics and ejection pressure gradi-
ents of hypertrophic cardiomyopathy utilizing ascending
aortic flow or velocity waveforms .
The panels of Figure IS depicting the
outflow
tract are
most informative because they suggest that augmented
hydrodynamic acceleration as well as viscous shear forces
are associated with the enormous mid and late systolic
intraventricular gradients . If indeed so, this would have an
important repercussion . Because viscous forces would no
longer be negligible, the Euler equation and the rest of the
developments predicated for inviscid behavior would be
inapplicable . A solution to the so-called Navier-Stokes equa-
tions encompassing pressure, inertial and viscous forces
would be called for in analyzing these mid and late systolic
gradients. The continuing importance of inertial forces is
obvious from the sharp local accelerations and high veloci-
ties demonstrated by Doppler recordings in the outflow tract
as echocardiographic dimensions shrink. To assess the im-
portan-.e of viscous effects, which grow rapidly with shrink-
ing cavity size, we estimate how thick the viscous boundary
layer can grow relative to flow passageway dimensions in
late systole by evaluating the dimensionless variable elpt,,
(3) .* Taking r,, = 0.3 cm as representative of the late systolic
passageway radius, v = 0.04 cm 2/s for the kinematic viscos-
ity of blood and t0 = 0.2 s for available late systolic time,
r'dpt,, is approximately 10 . This implies that viscous effects
cannot be neglected, although the unsteady boundary layers
and velocity profiles will remain quite undeveloped in the
shrinking late systolic flow passageway in hypertrophic
cardiomyopathy . The intraventricular flow regime has, in-
deed, changed from its quasi-inviscid early ejection charac-
ter. Accordingly, the dynamics of the flow can no longer be
analyzed by using the nonviscous fluid model approximation
that underlies the Euler and Bernoulli equations . This
greatly complicates the analysis .
Currently, I am developing a model that might provide
useful insight into late systolic dynamics in hypertrophic
cardiomyopathy . The deep chamber is represented as a
narrow tube (starting radius 0.3 cm) with contracting walls
(Fig. 16). A solution to the Navier-Stokes equations is
* This is the ratio of
rd1 P, the viscous diffusion time it would take for
viscous effects to penetrate from the flow boundary throughout the central
core to the time available for this unsteady diffusion process
(1,,) . It is
equivalent to the square of the Womersley variable
a (5,37), which pertains to
periodic pulsatile flows.
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Figure 16. Geometry of model simulating late systolic dynamics in
hypertrophic cardiomyopathy with cavity elimination . The chamber
is represented as a narrow tube with contracting walls . Local and
convective (associated with wall collapse, which displaces sequen-
tially increasing flow increments from apex to outlet) inertial as well
as viscous effects are important in the flow regime
. A schematic
undeveloped, unsteady velocity profile with a thin shear layer is
depicted at the segment's outlet
. R = instantaneous uniform radius ;
r and x denote the radial and axial coordinates, respectively .
derived using a similarity transformation (47), according to
methods developed for nonlinear boundary layer problems .
Some rather interesting results are shown in Figure 17,
assuming a small (20 ml/s) constant volumetric outflow rate .
As shown in the left panel, the cross-sectionaRy average
linear outflow velocity increases at an increasing rate with
advaicing cavity shrinkage, and by the time the effective
radius falls to half its starting value, it attains a level of
nearly 2.5 m& The agreement with the Doppler echocardio-
graphic findings delineated in Figure 15 is intriguing . The
right panel of Figure 17 shows the time course of the
simultaneously developed "intraventricular" gradient . Its
sharp increase with elapsing time despite the low constant
volumetric outflow agrees with the burgeoning mid to late
systolic intraventricular pressure gradients in hypertrophic
cardioiriyopathy (Fig. 14) in the setting of reduced volumet-
ric ejection rate levels .
It should be noted that application of the "simplified
Bernoulli formula" (AP = 4v
2 ,
where the gradient is in mm
Hg and the velocity in m/s) to the highest velocity shown in
the top panel of Figure 17 (2 .5 m/s) would predict a AP of 25
mm Hg, too low in comparison with the huge late gradients
of hypertrophic cardiomyopathy and the simulated gradient
of nearly 80 mm Hg in the right panel . This is a consequence
of neglecting viscous hydrodynamic shear forces as well as
local acceleration effects in the simplified Bernoulli formula,
which encompasses only convective acceleration effects .
This example supports the idea of having to first ascertain
that a given flow problem is amenable to analysis by a
formula that has only a circumscribed range of validity
before using such a formula.
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Ventriculonnnular Disproportion Gradient in a
Dilated Ventricle
As noted in the section on intraventricular gradients
without obstruction, the ratio of aortic anulus cross section
to inner wall surface area is a major geometric determinant
of intraventricular ejection gradients (28,31) . Both Rushmer
and Bernoulli components are accentuated, the latter more
so, when this area index is depressed. In view of the earlier
discussion of the fluid dynamics of ejection in aortic steno-
sis, this makes intuitive sense . After all, the essence of aortic
stenosis is the diminution of the size of the outflow orifice in
relation to chamber size . As seen in diverse chronic volume
overload conditions, including wide aortic valvular regurgi-
tation, and in the various dilated cardiomyopathies, left
ventricular enlargement results in a relative disproportion
between the size of the globular chamber and the aortic
ring-a ventriculoannular disproportion, which is function-
ally equivalent to a relative outflow port stenosis .
The effects of ventriculoannular disproportion on impulse
and Bernoulli gradients are exemplified in Figure 18 . Dy-
namic coefficients for a normal area index of about 4% (the
inner surface area of the chamber is 25 times as large as that
of the aortic anulus) are compared with coefficients that
pertain to an area index of 2%, characteristic of the enlarged
globular ventricle in dilated cardiomyopathy . Convective
gradients are proportional to the Bernoulli coefficient and the
square of radial systolic contraction velocity (dR/dt)2 ; local
acceleration gradients are proportional to the impulse coeffi-
cient and the product R.d2R/dt2 that applies at any instant
throughout ejection. Note that the Bernoulli coefficient at the
aortic ring is four time'; higher in the dilated than in the
normovolumic chamber. Therefore, if radial contraction ve-
locities were similar, the convective pressure gradients would
20 40 60 80
TIME (manic)
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Figure 17 .
Output of computerized model for late
systolic kinematics and pressure gradients in hyper-
trophic cardiomyopathy with cavity elimination . The
left panel shows the cross-sectional average linear
"outflow" (relative to the narrow tubular segment)
intraventricular ejection velocity (INTRAVENTRIC
.
EJECT
. VELOC .) . The right panel shows the time
course of the simultaneously developed "intraventric-
ular" pressure gradient (GRAD) .
be four times normal in magnitude . However, depressed
radial contraction velocities in cardiomyopathy mitigate this
effect (31). Also notable is the intense rise of the Bernoulli
coefficient in the immediate vicinity of the outflow valve ring .
The impulse coefficient is much more uniformly distributed
along the axis than the Bernoulli coefficient . These latter two
features of the intraventricular ejection flow field are similar
to those encountered in our analysis of aortic stenosis (Fig .
13).
This relative augmentation of the convective ef fects is
responsible for characteristic changes in the configuration
of ejection pressure gradients, which are qualitatively rem-
iniscent of the pattern that typifics aortic valve stenosis .
Consider the multisensor catheter-derived signals from the
patient with dilated cardiomyopathy in Figure 19 . Although
small compared with that in aortic stenosis (see Fig . 9), the
instantaneous transvalvular pressure difference is distrib-
uted quite symmetrically over the ejection interval both at
rest and during exercise, and this goes along with reduced
upstroke slopes in the aortic root flow signals and prolonged
times to peak flow. The ejection waveforms are more sym-
metric than normal both at rest and during exercise . This is
caused in part by the diminished steepness of their upstrokes
and an increased steepness in their downstrokes . In other
words, in the cardiomyopathic ventricle, there is both a
depressed rate of ejection velocity increase and an enhanced
rate of velocity decay. The very rapid downstroke of the
ejection waveform, especially during exercise, probably
reflects a high wall stress level maintained throughout ejec-
tion and the operation of the inverse force-velocity relation,
which we will consider shortly . In the dilated ventricle, the
normal swift decrease in wall stress that accrues from wall
JACC Vol . 15, No . 4
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thickening and radial contraction (a ventricular "self-
unloading") is minimized .
In aortic regurgitation, the effect of ventriculoannular
disproportion in accentuating convective acceleration gradi-
ents may be amplified greatly by coexisting organic valvular
stenosis. Indeed, it is well known that modest degrees of
aortic stenosis can be associated with a very large transval-
vular gradient in conjunction with significant aortic insuffi-
ciency . However, this has been accounted for solely by the
fact that the total (forward plus regurgitant) stroke volume is
larger and, thus, the ejection flow rate higher than would
apply with a normal stroke volume. Undoubtedly, such flow
rate-related considerations are important . However, the new
concept of ventriculoannular disproportion put forth here
focuses on the consequences of the chamber enlargement
itself on flow field geometry and fluid dynamics . Accord-
ingly, ventriculoannular disproportion can account for aug-
mented pressure gradients in the enlarged ventricle, which
may not be accompanied by elevated velocities of circum-
ferential fiber contraction or dkldt .
Conversely, a reduction in chamber cize would increase
the area index (ratio of aortic ring, or orifice in valvular
stenosis, to inner chamber surface area) . Such a chamber
size reduction would depress impulse and Bernoulli coeffi-
cients in aortic stenosis coexisting with mitral stenosis from
levels that would apply with a larger ventricle . This is the
fluid dynamic explanation for the occasional "masking" of
aortic stenosis in the setting of mitral stenosis, a phenome-
non described in classic textbooks of cardiology .
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Figure 18. The effects of ventriculoannular disproportion ir, a di-
lated ventricle (cardiomyopathy) on impulse (left panel) and Ber-
noulli (right panel) coefficients versus the normalized (as fraction of
the radius) axial distance from chamber center (compare Fig
. 23) .
Implications for Systolic Loadiing
In left ventricular , , stolic dynamics, use is made conven-
tionally of a single uniform intraventricular pressure (19) .
When it just exceeds the aortic root pressure, this uniform
left ventricular pressure opens the aortic valve and produces
ejection. Accordingly, the left ventricular systolic load is
determined only by the aortic root pressure in the absence of
outflow obstruction . The postulate that instantaneous aortic
root pressure and "left ventricular pressure" are, in the
absence of an interposed obstruction, practically equal dur-
ing ejection was plausible in the pre-high technology instru-
mentation period of cardiac catheterization (fluid-filled cath-
eters, clinical velocity measurement capabilities limited to
mean flow only by Qk ., dye or thermodilution methods) .
However, this postulate and the traditional measurements
could not provide a comprehensive understanding of the
total ventricular load and its determinans during ejection
.
Such understanding is available to the clinician today
through increasingly accurate instantaneous velocimetric,
micromanometric and geometric diagnostic measurements
.
In the clinical setting, particularly where abnormal ventric-
ular geometries and contractile states can yield significant
intraventricular pressure gradients as discussed in the fore-
going sections, the postulate in question is no longer tenable .
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delineates the idea that total ventricular systolic load, prop-
erly considered in terms of pressure, generally comprises
Figure 20 . Framework for the study of systolic loading in the in situ
heart and complementarity and competitiveness in the dynamic
interactions between the intrinsic and extrinsic left ventricular (LV)
load components. AO = aortic ; Intraven = intraventricular; P =
pressure. (C denotes the mathematical operation of convolution, S
denotes summation, L denotes operation of the Laplace law, B and
GA denote Bernoulli effects and geometric actions, respectively .)
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Figure 19. Multisensor catheterization in
dilated cardiomyopathy at rest (top) and
during supine bicycle exercise (bottom) .
Abbreviations as in Figure 9 .
both intrinsic-the flow associated intraventricular pressure
gradients-and extrinsic-the aortic root ejection pressure
waveform-hemodynamic components (4,6) . In conjunction
with chamber and outflow tract geometry, kinematic pat-
terns of myocardial contraction determine the intraventric-
ular velocity field as well as the ejection flow waveform at
the aortic root (18,23,28-31). The unsteady and nonuniform
velocity field determines the intraventricular ejection pres-
sure gradients, which, as we have seen, can be quite
substantial not only with but also without organic outflow
obstruction .
Simultaneously, the ejection patterns produced at the
aortic root interact with the aortic input impedance (19,48-
51). The latter quantifies the opposition to pulsatile aortic
root inflow-ventricular outflow-resulting from nonuni-
formly distributed inertial, compliant and resistive attributes
of the systemic arterial tree under the prevailing circulatory
conditions . This -tae action is embodied in the waveform
and operating levels of the pressure pulse generated at the
aortic root ; pulse wave reflections can augment this pressure
pulse considerably (50-54) . The systolic part of this pressure
pulse is transmitted and felt uniformly throughout the con-
tracting ventricular cavity and over its entire inner surface .
Instantaneous values of the intrinsic and extrinsic com-
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Figure 21. Physical model of ventriculoarterial cou-
pling, exhibiting complementarity and competitive-
ness between the intrinsic and extrinsic load compo-
nents. A latex chamber was placed in an airtight
Lucite box. Prosthetic valves in the mitral and aortic
area maintained forward flow from "ventricle" to
"aorta" as the chamber was compressed rhythmi-
cally by a pneumatic pump . Aoi tic outflow fell into a
reservoir that drained into the "atrium." Three
catheters recorded pressures as shown. When the
aortic pressure or extrinsic load (trace 3) was
abruptly reduced by removal of the hose clamp from
the aorta (arrow), the competing intrinsic component
(ejection gradient) was increased complementarily
so that the deep chamber systolic pressure level
(trace 1) remained unchanged . (Provided courtesy of
Dr . J.M. Criley .)
ponents sum up to the total ventricular load, that is, the
nonuniform and unsteady pressure against which the left
ventricular walls contract in the course of ejection . What in
turn gives rise to the total muscle load during ejection is the
interplay of the total ventricular load, or representative wall
pressure, with complex geometric and histoarchitectonic
factors in various adaptations of the "law of Laplace ." The
total muscle load, properly considered in terms of wall or
myocardial stresses, also comprises extrinsic ard intrinsic
components (4,6) corresponding to the homonymous parts of
the ventricular load .
In actuality, the component parts of left ventricuaae load
and muscle load are in an intricate interplay through the
course of ejection ; I formulate them discretely only for
analytic purposes . Their interplay is inherently dynamic .
Thus, changes in the intrinsic or extrinsic component of the
total ventricular and myocardial loads cannot be considered
in isolation from each other, as I will show now .
Complementarity and competitiveness between intrinsic
and extrinsic loads . As the block diagram of Figure 20
shows, there is an interaction between the muscle load and
muscle kinematic variables that enter in its determination
(see loop closing in the diagram). This is, in fact, a negative
loading feedback and underlies the well known inverse
force-velocity relation of contracting myocardium . Accord-
ingly, there is complementarity and competitiveness in the
dynamic interaction of the two components of the total
ventricular and myocardial loads under any given set of
preload and contractility levels . The simplest manifestation
of such a dynamic complementarity and competitiveness is
found in the physical ventriculoarterial coupling model in
Figure 21 . Note how the intraventricular and transvalvular
gradients increase as the extrinsic load is lowered by remov-
ing the downstream clamp, while the systolic pumping
chamber pressure--total load-remains unchanged . In the
opposite situation, an increase in the extrinsic component
will tend to cause a secondary decrease in the series-intrinsic
component of the total load by depressing myocardial kine-
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of the inverse load-velocity relation . Such
complementarity and competitiveness between the two com-
ponents of the total ventricular load in series could have
important clinical implications .
For instance, consider ambulatory afterload-reducing
treatment with vasodilators having specific action on arte-
riolar receptors . Especially if the left ventricle is enlarged so
that there is significant "ventriculoannular disproportion,"
even a 30 mm Hg reduction in peripheral arterial pressure
could be offset in some large measure by a complementary
increase in the intrinsic component of ventricular load
attendant to an augmented ejection . This would tend to
preclude a substantial decrease in total left ventricular
pressure . Consequently, the total muscle load might remain
higher than suggested by the drop in arterial pressure and its
extrinsic component (compare with Fig . 21). If the drug-
induced changes in the systemic input impedance spectrum
lead to a concomitant decrease in early diastolic aortic root
pressure levels (suppression of dicrotic wave and so on),
then the effects on left -ientricular myocardial supply-
demand -nergetics could be less than salutary (55) .
A similar dynamic situation !s the postextrasystolic po-
tentiation of intraventricular gradients-the intrinsic load
component-in hypertrophic cardiomyopathy, first de-
scribed by Brockenbrough et al . (56) . This potentiation of
the intrinsic load is associated with and partly accounted for
by sharply reduced aortic root pressure levels or extrinsic
load. That the transitory decrease in the extrinsic component
plays a crucial role in facilitating a brisk ejection with a
secondarily enhanced intraventkicular gradient after an ex-
trasystolic beat is suggested by recent studies in chronically
instrumented normal conscious dogs (57) ; total left ventric-
ular load (pressure) levels remained unchanged in the setting
of postextrasystolic sharp reductions in aortic root pressure
and diameter measurements .
A final example of the complementary
and competitive
interaction between the intrinsic and extrinsic load compo-
nents is provided by the hemodynamic measurements before
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Figure 22. Complementary and competitive interaction between
the intrinsic and extrinsic components of left ventricular load, pre-
and post-valvuloplasty of the aortic valve . (Provided courtesy of Dr.
Thomas M. Bashore.) Ao = aorta ; dPly : = rate of rise in left
ventricular pressure ; LV = left ventricular pressure .
and after valvuloplasty in a case of aortic stenosis (Fig . 22) .
The deep left ventricular pressure or total ventricular load
remains unchanged after valvuloplasty . The great reduction
in the ejection gradient-intrinsic component-occurs in
step with the complementary augmentation of the extrinsic
componentaortic root pressure .
Needless to say, alterations in preload and contractility
can overpower :omplementarity and comp^titiveness char-
acteristics, so that both the intrinsic and extrinsic compo-
nents of ventricular and myocardial loads can change
concordantly . Moreover, many subtle but undoubtedly im-
portant aspects of the dynamic interplay between the two
components remain to be characterized and quantified in
physiologic and clinical contexts .
Memory properties of contracting myocardium . Some
dynamic aspects are likely to be referable to short-, inter-
mediate- and long-term memory properties of contracting
myocardium. Already at the turn of the century, Otto Frank
(58), alluding to memory of history of contraction, stated
that "a simple a priori relation between length and tension
does not exist in cardiac muscle for every moment of its
action but (rather) the mechanical conditions under which
the muscle functioned before this instant have a decisive
influence ." In the past two decades, load-clamp (18) and
load-perturbation (59) techniques have provided consider-
able evidence for memory of history of contraction in
myocardial preparations and isolated heart experiments .
Accordingly, the intensity, time course and relative prepon-
derance of local (proportional to muscle fiber acceleration)
and convective (proportional to muscle fiber velocity
squared) components of the intrinsic load in earlier stages of
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ejection could weii iniucrce toe subsequent evolution of
muscle stresses and kinematics. Moreover, in view of inter-
mediate- and long-term memory effects, changes not merely
in amplitude but also in waveshape, phase relations between
Rushmer and Bernoulli components and other dynamic
characteristics of the intraventricular ejection gradients hold
great clinical interest . They could modulate both physiologic
adaptations and pathologic processes involving the myocar-
dium over a longer term .
In closing this section, I will emphasize two points . First,
during ordinary everyday activities when velocities and
accelerations are higher than under sedated, basal catheter-
izaion conditions, intraventricular ejection pressure gradi-
ents can be expected to be accentuated . They will be even
more accentuated during strenuous mental or physical activ-
ity. Second, in the absence of outflow obstruction, the
impulsive development of the ejection gradients very early in
systole has an important corollary : because these gradients
are attained at a time when the operating ventricular volume
is close to its maximal (end-diastolic) levels, their contribu-
tion to the total load on the left ventricular muscle is
amp"
iliieu
oration of
the
i.,at
lace law (see also Fig .i;y Cv~~~	_ __
20). Their action is leveraged greatly by the maximal cham-
ber radii and minimal wall thickness that apply at that time .
In this context, it is provocative to recall the mostly forgot-
ten finding in the early 1960s by Monroe (60), that 90% of the
oxygen consumption of working myocardium occurs in the
early part of systole during rapid pressure development and
acceleration of blood. Mathematic modeling of papillary
muscle contractions (61) has also shown that the internally
generated tension increases explosively to its peak very
early in the twitch under a wide range of operating condi-
tions. The loading dynamics in early ejection could affect
myocardial performance in important albeit subtle ways .
Conclusions and Implications for Emerging
Research Frontiers
Ventricular ejection mechanics . I have surveyed recent
advances in clinical hemodynamics, with primary emphasis
on developing a conceptual framework for approaching
ventricular ejection mechanics in light of new and emerging
cardiovascular instrumentation technologies . Myocardial
contraction generates intense active stresses in the walls of
the left ventricle. These stresses augment cavity pressures to
ejection levels in an interplay with geometric and histoarchi-
tectonic factors . Despite the popular view, however, "ven-
tricular pressure" is not distributed uniformly in the cham-
ber, even during isovolumic contraction . During the ejection
period, there are marked pressure variations with position
within the chamber and around its contracting walls . The
intraventricular ejection gradients are very real and signifi-
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cant, being associated with impulsive, inertia-dominated
flow within the cavity .
Ejection gradients . Because int ,,, ,aventricular flows are
generally dominated by inertial rather than viscous forces,
ejection gradients go mostly into local and convective accel-
erations . These impulsive gradients bring about a briskly
accelerated expulsion of blood into the root of the aorta and
then reverse direction and decelerate the flow to bring
ejection to a rapid end . In absence of outflow obstruction, it
is the maximal outflow acceleration rather than ejection
velocity that coincides with the attainment of the early peak
of transvalvular and intraventricular gradients . These pres-
sure gradients are characteristically even more asymmetric
than the associated ejection velocity signals . In contrast,
large obstructive gradients exemplified in aortic stenosis
tend to be distinctively rounded and symmetric, as do also
the outflow waveforms, whose configuration they track more
or less closely, depending on the relative preponderance of
convective effects. The polymorphic gradients of hyper-
trophic cardiomyopathy reflect dynamically dissimilar intra-
ventricular flow regimes in early, mid and late systole . In
early systole, the gradients are accounted for by local and
convective ine, tial forces ; in mid and late systole, viscous
forces play a major role as well . The huge late systolic
gradients are associated with progressive flow passage area
shrinkage and sharp increases in linear velocity despite a
volumetrically diminutive outflow . At the other cavity size
extreme, the concept of ventriculoannular disproportion in
the dilated ventricle was introduced, and the associated
ejection gradient characteristics referable to enhanced con-
vective inertial effects were discussed .
It was observed that the dynamics of flow within the
ejecting chamber determine only the instantaneous gradients
of intraventricular pressure and not the total pressure itself.
The systolic portion of the lateral pressure waveform at the
aortic root contributes a very large additional component
that acts uniformly throughout the collapsing chamber and
over its entire shrinking inner surface . The aortic root
pressure waveform embodies the interactive coupling be-
tween ejection kinematic patterns and the systemic arterial
input impedance . Thus, the total ventricular (pressure) load
comprises both extrinsic and intrinsic dynamic components ;
total muscle (wall stress) load comprises corresponding
fractions . Intrinsic and extrinsic components are in a dy-
namic interplay in the course of every ejecting beat, and
their interaction is complementary and competitive .
At present, contributions to our understanding of ejection
dynamics come from many directions and sources : from
both fundamental and clinical studies of ventricular pumping
and myocardial contractile behavior ; from use of multisen-
sor catheterization and digital angiocardiographic techniques
and detailed Doppler echocardiographic and color flow map-
ping measurements and from predictions based on analytic
and computer solutions of unsteady flow equat ;ons . The
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more sophisticated of these approaches, both instrumenta-
tional and theoretic, have developed rapidly over the last
few years. They are now defining ejection flow field charac-
teristics at a level of detail unimagined less than a generation
ago. (However, we should acknowledge that key pioneers in
this area of cardiac research, such as Rushmer, identified
major features of normal ejection dynamics 25 or more years
ago .)
As advances have occurred in instrumentation and mea-
surement techniques, so accurate instantaneous dynamic
data can be and are routinely collected in invasive and
noninvasive diagnostic studies . The importance of such high.
fidelity instantaneous measurements stems from the oppor-
tunity they offer to assess ejection dynamics in a quantitative
dynamic fashion, such that abnormalities in contraction may
be elicited before the manifestation of overt muscle or nnmn
failure . Several areas of research are emerging .
Ventricular ejection slow field dynamics . What is impor-
tant here is how normal and abnormal geometric details,
including regional contraction abnormalities, affect ejection
velocity and pressure distributions . Critical questions are :
Can characteristics, at rest and with provocation, of intra-
ventricular gradients be used to assess ventricular pumping
and myocardial contractile performance? Can abnormal ge-
ometry or contraction patterns, or both, induce valve leaflet
dysfunction (aortic preclosure, mitral systolic anterior mo-
tion) and how? A related interesting issue is whether typical
distortions in multigated Doppler velocity profiles in the
aortic root, without or with provocation, map out specific
regional patterns of asynergy, asynchronism or hyper- and
hypocontractility . To incorporate all relevant phenomena of
the ejection process and the continuously changing irregular
geometry, methods from computational fluid dynamics will
n,;ed to be employed, Ejecdon fi- : ws pose a challenging
problem for computational fluid dynamics . Their high Rey-
nolds numbers require extremely fine three-dimensional
computational grids, and their strong time dependence calls
for high temporal resolution as well . Therefore, realistic
computer simulations are at present handicapped by the
available storage capacity and computational speed . How-
ever, results of ongoing research involving simplified mod-
eling are encouraging (Fig . 23) .
Quantitation of Rushmer and Bernoulli gradients with and
withoLl outflow obstruction .
The critical issues here are :
What are the relative intensities, waveshapes of and phase
relations between the local and convective acceleration
contributions to the total ejection gradients? How do they
change with time, pharmacologic agents (afterload reducing,
inotropic) or interventions (valvuloplasty, surgery)?
How
are they modified, in view of complementarity and compet-
itiveness between intrinsic and extrinsic load components,
by coexisting arterial hypertension? The ultimate questions
are
: How do the relative preponderance of Rushmer (pro-
portional to myocardial fiber acceleration) and
Bernoulli
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(proportional to myofiber velocity squared) components of
the intrinsic load influence the evolution of muscle stresses
and global and regional kinematics? How does this relative
preponderance influence physiologic adaptations and patho-
logic processes involving the myocardium over the long
term? Integration of such quantitative information into a
coherent framework will require sophisticated mathematic
modeling involving adaptive control systems theory . Even-
tually, the old familiar paradigms of (mean) pressure over-
load and (mean flow) volume overload will be supplemented
tar superceded by new cardiodynamic concepts . These will
pertain to phasic ejection variables and their characteristics
in health and disease .
Over the next decade, a confluence of intellectual ad-
vances, progress in imaging and hemodynamic high technol-
ogy instrumentation and powerful computing capabilities
will shape a new model of what diagnostic and interventional
cardiology is and what clinical hemodynamicists do . The
limits of past static concepts and ideas will need to be
extended to encompass the true dynamic behavior of the
ejection process in health and disease .
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